Patients with chronic ulcerative colitis (UC) are at high risk for developing colorectal cancer. In this study, archival formalin-fixed paraffin-embedded colonic tissue from patients with UC who developed carcinoma (CA) or high-grade dysplasia (HGD) was examined for changes in expression of the proinflammatory and mitogenic neurokinin-1 receptor (NK-1R). Laser capture microscopy was used to microdissect epithelia from areas of colons that showed histologic evidence of CA, HGD, and epithelia that were not dysplastic or cancerous but did contain evidence of prior inflammation (quiescent colitis). mRNA was extracted from the dissected tissue, and PCR array analysis was performed on extracted mRNA. Two antibodies were necessary to separately estimate the protein levels of the truncated (tr-NK-1R) and full-length (fl-NK-1R) receptors by immunohistochemistry. mRNA expression of tr-NK-1R increased 14-fold (P = 0.02) when comparing the HGD and CA groups. In contrast, the fl-NK-1R transcript showed no significant differences among groups. The protein levels of the total NK-1R increased by 40% (P = 0.02) in HGD and 80% (P = 0.0007) in CA compared with quiescent colitis. There were no significant changes in protein levels of the fl-NK-1R. We conclude that the increase in total NK-1R protein in HGD and CA is attributable to an increase in tr-NK-1R, suggesting there may be a functional role for tr-NK-1R in malignant transformation in colitis-associated cancer. The tr-NK-1R could prove useful as a diagnostic marker to identify patients at risk for neoplasia and may serve as a useful therapeutic target in the treatment of colitisassociated cancer.
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colon cancer | receptor splice variants | substance P | IBD C hronic inflammation is associated with a higher rate of cancer development in various organs (1) . More specifically, patients with ulcerative colitis (UC) are at high risk for developing colorectal cancer (2) ; both extent and duration of intestinal inflammation further increase risk (3, 4) . These associations suggest that chronic intestinal inflammation is a causative factor in carcinogenesis in patients with UC, and that there is a causal link between chronic inflammation and increased risk of cancer. These observations raise the question of the signaling pathways by which long-standing inflammation might underlie the development of cancer.
Substance P (SP) is a proinflammatory neuropeptide described by von Euler and Gaddum (5) and later isolated and characterized by Chang and Leeman (6) . SP is synthesized by a variety of cells, most notably neurons and inflammatory cells such as macrophages (7). SP's primary receptor, the neurokinin-1 receptor (NK-1R), can mediate a variety of physiologic and pathophysiologic responses, including cell proliferation, migration, and inflammation (8) . The NK-1R has been identified in epithelial cells in rodent models of colonic inflammation (9, 10) and in patients with UC as well as Crohn disease (11) (12) (13) (14) . However, not all of these studies are in agreement regarding epithelial NK-1R expression in UC: some studies have shown an increase (12, 13) , whereas others have not (11, 14) . The NK-1R has been identified in many cancers, including skin, gastrointestinal, laryngeal, pancreatic, ovarian, brain, thyroid, and breast cancers (15) (16) (17) (18) (19) . NK-1R has also been shown to mediate the antitumor activities of NK-1R antagonists in cell lines derived from melanoma, gastric, colon, and laryngeal cancers (15, 17, 20) . There is also evidence from a rat model of colitis-associated cancer (CAC) suggesting that NK-1R may play a functional role in the disease; treatment with an NK-1R antagonist reduced cyclooxygenase-2 levels and reduced expression of the proliferation marker ki67 (21) . It is important to note that, although many studies have shown the presence of NK-1R in both UC and various cancers, few have attempted to differentiate between NK-1R isoforms.
Kage et al. (22) showed that NK-1R, a G protein-coupled receptor (GPCR), has two isoforms that arise from the same TACR1 gene: a full-length form containing 407 amino acids (Fig. 1A) and a truncated form containing 311 amino acids that arises from a splice variant and lacks a cytoplasmic C-terminal tail (Fig. 1B) (23) . The truncated isoform of NK-1R has received little attention in the study of cancer; however, recent evidence does suggest that it may play a role in breast cancer. tr-NK-1R is present in breast cancer tissue (24) , and transfection of truncated but not full-length NK-1R into nontumorigenic breast epithelial cell lines creates a transformed phenotype with greatly increased growth capability (25) . Signaling studies have shown that unlike fl-NK-1R, tr-NK-1R can neither initiate calcium influx via G q , nor activate PKC or NF-κB; however, ERK activation still occurs but at a slower rate (26) . In light of these findings, we were particularly interested in examining the expression of tr-NK-1R in the transition from colonic inflammation to CAC.
Here, we report on a group of patients who underwent a total colectomy for CAC. Because each colon contained tissues in various stages of the transition from quiescent disease to neoplasia, we were able to study not only carcinoma but also the precancerous stage of dysplasia (Fig. 2) . The premalignant dysplastic stage is a useful marker for early neoplastic changes that could represent targets for early detection and treatment of CAC. The use of laser capture microdissection of archival formalin-fixed paraffin-embedded (FFPE) tissue allowed us to specifically isolate the affected epithelial cells to ensure that our results are specific to the diseased tissue. Our approach permitted a powerful means to examine To whom correspondence may be addressed. E-mail: sleeman@bu.edu, astucchi@bu.edu, or james.becker@bmc.org. changes in the full-length and truncated isoforms of NK-1R in patients with chronic intestinal inflammation, dysplasia, and CAC.
Results
mRNA Expression of Truncated TACR1 Is Increased Between HighGrade Dysplasia and Carcinoma Groups. The mRNA expression of tr-TACR1 transcript is increased 14-fold (P = 0.02) when comparing the high-grade dysplasia (HGD) and CA groups (Fig. 3A) . No significant differences were observed when comparing the two neoplastic groups to epithelium that was not dysplastic or cancerous but did contain evidence of prior inflammation (quiescent colitis, QC). In comparison, the fl-TACR1 transcript showed no significant differences among the groups ( Fig. 3B ; QC vs. CA, P = 0.30; QC vs. HGD, P = 0.23; HGD vs. CA, P = 0.49). The gene for the TACR1 ligand SP (TAC1) was also measured on the array, but no amplification was observed. Other negative results are included in Table S1 .
Protein Levels of Truncated NK-1R Are Increased in High-Grade Dysplasia and Carcinoma. Two antibodies that bind NK-1R were used in this analysis; one binds the second extracellular loop and can therefore bind both receptor isoforms, and the other binds the cytoplasmic C-terminal tail and can bind only fl-NK-1R. The antibody that binds the second extracellular loop showed an increase in immunofluorescence among groups (P = 0.002). Multiple mean comparisons show that the protein levels of total NK-1R are increased by 40% (P = 0.02) in HGD and by 80% (P = 0.0007) in CA compared with QC (Fig. 4) . The antibody that binds the C-terminal epitope showed no change in immunofluorescence among groups (Fig. 5 ), indicating no change in the protein levels of fl-NK-1R. We therefore conclude that the increase in total NK-1R protein in HGD and CA is attributable to an increase in tr-NK-1R. To further clarify these data, ratios were calculated from the total and full-length NK-1R immunofluorescent signals ( Fig. 6 ; n = 11 QC, n = 10 HGD, n = 9 CA), which show a 60% increase from QC to HGD (P = 0.025) and a 150% increase from QC to CA (P = 0.001). This finding clearly demonstrates a significant increase in tr-NK-1R as epithelia transition to malignancy.
Discussion
This study examined the expression of tr-NK-1R in CAC in humans. Using a unique group of UC patients in which quiescent colitis, high-grade dysplasia, and carcinoma were all present in the same colectomy specimen allowed us to demonstrate that there are significant increases in the truncated but not the full-length isoform of the NK-1R as colonic epithelia progresses from a nonneoplastic, quiescent stage to dysplasia and carcinoma. By using laser capture microdissection to specifically isolate epithelia, we showed an increase in truncated but not full-length NK-1R mRNA between high-grade dysplasia and carcinoma. Using immunohistochemistry, we show an increase in truncated but not full-length NK-1R protein between nonneoplastic, quiescent epithelium and both high-grade dysplasia and carcinoma. These results suggest that the increase in protein does not appear to be merely due to increased transcription of tr-TACR1 splice variant. At this time, the mechanisms that surround the tr-NK-1R protein increase remain unclear. The finding that tr-NK-1R is increased in CAC is significant because it may provide clues to plausible mechanisms that explain how chronic inflammation could initiate carcinogenesis. There is evidence that expression of tr-NK-1R can be increased in response to an inflammatory signal, can respond to that inflammatory signal, and promote oncogenesis. Increased expression of the receptor could therefore represent a cancer-promoting adaptation that creates or augments a growth stimulus from an inflammatory signal.
Although few studies have examined the downstream signaling pathways of the truncated receptor, an important question raised by this study is how the increased expression of tr-NK-1R might promote carcinogenesis in a setting of chronic inflammation. One possible answer comes from a rat model of CAC. Treatment with an NK-1R antagonist reduced cyclooxygenase-2 expression as well as expression of the proliferation marker ki67 (21) , showing a potential functional role for NK-1R (although not necessarily tr-NK-1R) in CAC. In addition, Lai et al. (26) showed that upon ligand binding, tr-NK-1R, which lacks a C-terminal tail that binds and activates G q , cannot initiate calcium influx or activate PKC and NF-κB; however, the truncated receptor can activate ERK in a delayed manner. The tr-NK-1R has also been reported to be resistant to desensitization (27, 28) . Not only does the truncated receptor lack C-terminal residues that are important for desensitization, it is also incapable of activating PKC (26), a critical component of the feedback inhibition loop that causes desensitization of the full-length receptor (28) . Because tr-NK-1R is desensitization resistant, its constitutive activation suggests that it is capable of providing a persistent growth stimulus to a cancer cell, perhaps in an ERK-and cyclooxygenase-2-dependent manner.
This study also raises the question of the source of the ligand for tr-NK-1R. Its primary ligand is SP, but other members of the tachykinin family can also activate NK-1R, including hemokinin-1 at equimolar affinity to SP (29, 30) , and neurokinins A and B at lower affinity (31) . There are several potential sources of SP that could activate tr-NK-1R in CAC. First, SP may be produced by the neoplasia to create an autocrine growth stimulus. In another inflammatory condition, oral lichen planus, chronic inflammation is capable of increasing the expression of SP in epithelial cells (32) . In this study, however, mRNA expression of the TAC1 gene, which gives rise to β-preprotachykinin-A, the peptide that is cleaved to form SP and other neuropeptides, was undetectable. Based on these data, there does not seem to be an autocrine growth stimulus; however, because we were measuring mRNA from microdissected tissue from FFPE samples, we cannot rule out the possibility that we were below the limits of detection for that transcript. A second source of SP is the enteric nervous system. Enteric nerves project into the mucosa of the colon in close proximity to the epithelium. SP can be released by these nerves in response to an inflammatory stimulus (33) , and studies have shown that the number of enteric nerves staining immunopositive for SP is increased in inflamed tissue from UC patients (34) . A third source of SP is macrophages, which are increased in the mucosa of the colons of UC patients (35) , and can produce SP when stimu- . Each graph contains individual observations (each patient is a distinct color/shape) and mean ± SEM. Results were calculated using the ΔΔC t method and expressed as a fold change of the quiescent colitis group as described in the RT 2 Profiler PCR Array Data Analysis (http://www.sabiosciences.com/pcrarraydataanalysis.php). *P < 0.05 compared with high-grade dysplasia. observations (a patient is a distinct color/shape) and means ± SE (n = 11 QC, n = 10 HGD, n = 9 CA). Each individual observation represents the average fluorescent intensity from five randomly selected fields. *P < 0.05 compared with quiescent colitis. lated (7). Expression of both TAC1 and TAC4 (encoding hemokinin-1) genes is increased in the mucosa of UC patients compared with normal controls (36) . The chronic inflammation associated with UC is therefore capable of not only providing the means to increase the expression of tr-NK-1R, but also the ligand to activate the receptor.
What little information there is on the specific expression of the truncated receptor suggests that it can be increased by inflammatory signaling. A study by Ramkissoon et al. (24) showed that the expression of tr-NK-1R is dependent upon the activation of the proinflammatory transcription factor NF-κB in breast cancer cell lines in vitro. NF-κB is activated by a number of inflammatory signals present in UC. Furthermore, studies from both human UC tissue (37) and animal models of colitis (38) show that the activation of NF-κB occurs in the disease, both in the epithelium and the mucosa, and is important to its pathogenesis. Based on these data, there exist signals that could increase the expression of tr-NK-1R in the milieu of chronic intestinal inflammation.
UC is characterized not only by chronic relapsing inflammation, but also by mucosal hypoxia caused by that inflammation (39) , which represents another potential mechanism by which tr-NK-1R expression may be increased. It has been shown that patients with UC have increased expression of the hypoxia-sensitive transcription factors hypoxia-inducible factor-1α (HIF-1α) and HIF-2α (40) , which remain elevated even in periods of remission, suggesting that hypoxia can persist during quiescent stages of the disease (41) . In response to the hypoxia, inflamed mucosa have increased vascularity compared with normal tissue, potentially due to increased vascular endothelial growth factor, an HIF-1α downstream target (40) . The mucosal hypoxia characteristic of UC is interesting in light of research showing hypoxia can activate NF-κB (42, 43) , which is capable of specifically increasing expression of tr-NK-1R (24) . In addition, hypoxia has been shown to induce alternative splicing events in other genes in vitro, and these splice variants are also associated with mutations to the tumor suppressor p53, a common finding in CAC (44) . Evidence therefore suggests that both proinflammatory and hypoxic signaling may work together to increase the expression of tr-NK-1R in UC and CAC.
Alternative splicing of GPCRs has been observed in several cancers (reviewed in ref. 45) , although these observations are not always coupled with evidence that splice variants contribute to malignancy. Recently, decreased transcriptome stability has been correlated with changes in expression of spliceosome components and poor patient survival in sporadic colon cancer (46) . These findings suggest that increased splice variant expression may play an important role in carcinogenesis, which is relevant to our finding that tr-NK-1R increases in the transition from QC, nonneoplastic epithelia to dysplasia and carcinoma. In addition, factors that mediate the splicing of NK-1R may be targets for pharmacological intervention in CAC.
Though the colon specimens used in this study were from patients that had UC confirmed histologically by a pathologist, the samples were obtained anonymously. We therefore do not have access to information such as extent and duration of disease or details of the patient's history. This lack of information is a potential confounding factor that may have influenced the study; however, by including only patients that had areas of quiescent disease and nonneoplastic epithelium, and by using patient-matched samples, we believe we have controlled for this potential variability. In addition, the finding of no correlation between tr-TACR1 mRNA levels in QC lesions and later lesions was surprising. We believe that there are several explanations. First, we suggest the possibility that a larger study may have shown significance between the QC lesion and the CA lesion. Second, the QC lesion may contain a different set of alterations than the HGD or CA lesions, and the relationship between each individual gene may not be as straightforward as a pathologic progression of QC → HGD → CA might lead us to believe. However, most importantly, statistical significance is achieved between the HGD and CA groups, and this led us to examine changes in the truncated and full-length NK-1R protein levels.
The tr-NK-1R or its downstream signaling pathways could prove useful as diagnostic markers to assist in identification of patients with neoplasia. Also significant to this finding is the plan to treat inflammatory bowel disease patients with mesenchymal stem cells. Though these stem cells are immunosuppressive, they can also promote cancer. In the presence of early transformed cells, which may be detectable using tr-NK-1R as a marker, these stem cells could have deleterious effects. The tr-NK-1R could therefore serve to segregate patients into groups that should or should not receive stem cell treatment. Diminishing expression or activity of the truncated NK-1R may be a useful therapeutic strategy to prevent dysplasia from progressing to carcinoma, or for treating CAC directly. Overall, our findings are of such interesting biological relevance that they deserve to be validated in a clinically oriented study.
Methods
Sample Collection. Cases were identified from patients with long-standing UC that underwent total colectomy at Boston University Medical Center by a single surgeon (J.M.B.). Cases were selected if the diagnosis was reconfirmed histologically by two independent gastrointestinal pathologists (M.J.O. and S.R.C.) and if each colon contained the following three stages of CAC in the same specimen: CA, HGD, and QC. Histologically, QC is the most abundant nonactively inflamed tissue in the UC colon and was therefore chosen as a reference group for the other two groups because it had been subjected to the same inflammatory milieu as the neoplastic groups but did not undergo neoplastic transformation. The advantage of obtaining all three groups from the same patient was that it controlled for multiple differences in genetic background, disease duration, severity, and history as well as environmental factors and therapeutic interventions. Additional cases were selected for immunohistochemistry (IHC) if there were blocks containing two of the three classifications. Representative images of these stages and their histologic descriptions are shown in Fig. 2 .
Laser Capture Microscopy, RNA Extraction, Isolation, and Purification. Successful RNA extraction from microdissected FFPE samples has been shown to be feasible (47) and capable of producing results similar to frozen fixed tissue, although RNA quantity and quality are reduced (48) . Five patients were selected with archival FFPE blocks from each of the three stages (CA, HGD, and QC) cut to 7 μm and mounted on glass slides. One slide was microdissected for each patient/group. Slides were rehydrated, stained with Paradise Plus stain, and dehydrated. Multiple crypts were then microdissected (Fig. S1 ) by laser capture microscopy (Arcturus Pixcell 2e; Molecular Diagnostics, Inc.) using CapSure HS LCM Caps (LCM0214; Molecular Diagnostics, Inc.). RNA was extracted from the microdissected epithelial cells according to the manufacturer's protocol (Paradise Plus Kit; Molecular Diagnostics, Inc.). Briefly, microdissected samples were digested overnight with proteinase K and nucleic acids were bound to a column while other cellular material was washed through and DNA was digested on-column. Purified RNA was then reverse transcribed, preamplified, and run on a custom PCR array (Qiagen). No genomic DNA was detected using controls on the PCR array.
PCR Array. Custom PCR arrays (Qiagen) containing primers for the full-length and truncated TACR1 transcripts were used. Results were normalized to one housekeeping control, tyrosine-3-monooxygenase/tryptophan-5-monoxygenase activation protein, zeta peptide that did not change between groups. Wells without amplification were assigned a cycle threshold (Ct) value of 40. Results were calculated using the ΔΔC t method and expressed as a fold change of the quiescent colitis group as described in the RT 2 Profiler PCR Array Data Analysis (http://www.sabiosciences.com/pcrarraydataanalysis.php). Statistical comparisons between groups were performed using Bioconductor's R statistical program (HTqPCR Bioconductor package; http://www.bioconductor.org/). All data passed normality and equivariance tests. Results for a given gene were disregarded if multiple wells did not show amplification.
Immunohistochemistry. Archived FFPE samples (n = 11 QC, n = 10 HGD, n = 9 CA) described above were cut to 5 μm, mounted on glass slides, deparaffinized, and rehydrated. To facilitate maximal antibody binding, antigen retrieval was performed using a BioGenex EZ-Retriever and CITRA-PLUS buffer (BioGenex) heated to 98°C for 15 min. Slides were incubated with 10% goat serum in PBS and then probed with two primary antibodies for NK-1R ( Fig. 1) : one that binds an epitope on the second extracellular loop and one that binds an epitope on the C terminus (sc-14115 and sc-14116; Santa Cruz Biotechnology). Specificity of both antibodies was validated by probing a subset of samples with and without a blocking peptide (Fig. S2 ). Samples were then probed with a fluorescein-labeled secondary antibody (31509; Thermo Fisher Scientific), mounted (VECTASHIELD mounting medium; Vector Labs), and photographed (Nikon Deconvolution Wide-Field Epifluorescence Microscope; Nikon Instruments). Five representative fields from each slide were randomly selected, and their mean fluorescent intensities were quantified using ImageJ (National Institutes of Health). Average mean intensities were then analyzed by one-way repeated-measures ANOVA. All data passed normality and equivariance tests. Post hoc pairwise comparison of means was performed using the Holm-Sidak method (SigmaStat; Systat Software).
Fig. 6.
Increased ratio of total NK-1R to full-length NK-1R in epithelia from carcinoma and high-grade dysplasia compared with quiescent colitis. For each observation, the mean fluorescent intensity for the total NK-1R was divided by the mean fluorescent intensity for the fl-NK-1R. Each individual patient is represented by a distinct color/shape pair, and means ± SEM are plotted. n = 11 QC, n = 10 HGD, n = 9 CA. *P < 0.05 compared with quiescent colitis.
